Aluminum indium gallium nitride ͑AlInGaN͒ UV-C 190-280 nm metal-insulator-semiconductor photodetectors ͑PDs͒ have been fabricated by using a SiO 2 insulating layer. Unlike the AlGaN/GaN heterostructure PDs operated at 280 nm, the use of an AlInGaN/GaN structure should cause less stress and reduce the degree of lattice mismatch by 1.6%. The dark current of PDs with an insulating layer was much smaller than that of PDs without an insulating layer, which can be attributed to the increasing surface barrier height and the decreasing density of the interface states between the metal and the semiconductor. photodiodes, [4] [5] [6] and high power, high frequency transistors. 7, 8 Nitride-based materials are also suitable for UV photodetectors ͑PDs͒, which are used in various commercial and military applications such as space communications, missile detection, UV astronomy, ozone-layer monitoring, and fire alarms. The cutoff wavelength of visible-blind PDs fabricated using GaN is around 360 nm, which corresponds to the bandgap energy of GaN. A high Al content ternary Al x Ga 1−x N material can be used to shorten the cutoff wavelength of PDs from 360 to 280 nm.
Gallium nitride-based semiconductor devices have been developing for 20 years. III-V nitride semiconductors have attracted a great deal of attention for applications in light-emitting devices, 1,2 laser diodes, 3 photodiodes, [4] [5] [6] and high power, high frequency transistors. 7, 8 Nitride-based materials are also suitable for UV photodetectors ͑PDs͒, which are used in various commercial and military applications such as space communications, missile detection, UV astronomy, ozone-layer monitoring, and fire alarms. The cutoff wavelength of visible-blind PDs fabricated using GaN is around 360 nm, which corresponds to the bandgap energy of GaN. A high Al content ternary Al x Ga 1−x N material can be used to shorten the cutoff wavelength of PDs from 360 to 280 nm. [9] [10] [11] Unfortunately, the surface cracks were generally observed in the AlGaN/GaN heterostructure, especially in the case with a high Al content AlGaN layer. The lattice mismatch results in the significant biaxial stress applied to the device active layer, especially for AlGaN/InGaN or GaN/InGaN heterostructures. 12, 13 To solve this issue, one solution was to use the lattice match ͑or near match͒ quaternary AlInGaN materials to achieve crack-free structures. Recently, AlInGaN has also received attention as a material for optoelectronic devices operating in the UV region.
14 The AlInGaN quaternary alloys are recognized to have the potential to overcome some shortfalls of GaN, InGaN, and AlGaN alloys. 15 By varying the In and Al compositions in Al x In y Ga 1−x−y N, one can change the energy bandgap and reduce the lattice mismatch with GaN. In addition to the key feature of lattice match and modulation energy bandgap, AlInGaN quaternary alloys provide a better thermal match to GaN. 16 The potential applications of AlInGaN quaternary alloys as InGaN/AlInGaN quantum well light-emitting devices, 17 GaN/AlInGaN heterojunction fieldeffect transistors, 18 and AlInGaN-based photodetectors 19 have been reported. In this study, an AlInGaN/GaN heterostructure with a crack-free AlInGaN epitaxial layer was realized to fabricate a metalinsulator-semiconductor ͑MIS͒ PD in the UV-C ͑wavelength 190-280 nm͒ detection range. The electrical and optical properties of the AlInGaN PDs are also discussed.
Experimental
AlInGaN samples were all grown on c-face ͑0001͒ sapphire substrates using a horizontal, low pressure metallorganic chemical vapor deposition system. During the growth, trimethylgallium, trimethylaluminum, and trimethylindium were used as group III sources of Ga, Al, and In, respectively. The group V source was ammonia ͑NH 3 ͒, while hydrogen ͑H 2 ͒ and nitrogen ͑N 2 ͒ were used as carrier gases during epitaxy. Before the growth, sapphire substrates were first heated to 1120°C in a stream of hydrogen to clean the substrate surfaces. The device structure of the quaternary AlInGaN UV-C PDs consisted of a 20 nm thick GaN nucleation layer grown at 540°C, a 2 m thick undoped GaN buffer layer grown at 1090°C, and a 60 nm thick AlInGaN active layer grown at 900°C. The In and Al mole fractions of the AlInGaN active layer were 1 and 35%, respectively, as determined by secondary-ion mass spectrometry measurements. To achieve low dark current characteristics, we deposited a 40 nm thick SiO 2 insulating layer on the surfaces of AlInGaN PDs using plasma-enhanced chemical vapor deposition after epitaxial growth. The Ni/Au contact was then deposited on the sample surface using electron-beam evaporation. The device area of the fabricated PDs was 3 ϫ 10 −3 cm 2 . Figure 1 shows the schematic structure of AlInGaN MIS PDs. An HP-4155 semiconductor parameter analyzer was used to measure the current-voltage characteristics of the fabricated devices. For photocurrent and spectral responsivity measurement, a xenon arc lamp was used as the light source, while the standard synchronous detection scheme was used to measure the illumination signal.
Results and Discussion
X-ray diffraction ͑XRD͒ was first carried out to investigate the crystalline quality of the AlInGaN samples. As shown in lattice mismatch with GaN. Thus, for the same purpose of operating at the 280 nm wavelength, the use of Al 0.35 In 0.01 Ga 0.64 N/GaN can reduce the degree of lattice mismatch by 1.6% in a heterojunction structure, which is comparable to the result of using Al 0.4 Ga 0.6 N/GaN structure. In addition, the degree of relaxation ͑R͒ of the epilayers can be calculated by the following equation
where C s and C 0 refer to the in-plane lattice constant of the underlying GaN and fully relaxed AlInGaN, respectively. C was the mea- Fig. 3 shows the curve of the photocurrent almost overlapped the curve of the dark current, which means that the photogenerated current was compensated by the dark current. Therefore, the role of suppressing the dark current of the insulating layer is presented clearly here. In other words, only the PDs with an insulating layer have a large enough photo/dark current contrast ratio to show the photodiode characteristics. The dark current of the PDs with an insulating layer was 6 orders of magnitude less than that of PDs without an insulating layer. Such a low dark current can be attributed to the increase in interface barrier height, which effectively decreases the thermal electron emission current. The interface barrier height on MIS PDs can be explained by using the interfacial insulator model. 21, 22 The energy band diagram of the MIS is shown in Fig. 4 . The barrier height, Bn , can be written as
where Bn is the barrier height of the metal-semiconductor barrier, M is the work function of metals, is the electron affinity of the semiconductor, ⌬ is the potential across the interfacial layer, and ⌬ is the image force barrier lowering. Thus, with an insulating layer inserted between the metal and the semiconductor, the interface barrier height was increased and the thermal-electron-emission current was decreased. It also eliminated some dangling bonds in the interface and decreased the interface combination current. Figure 5 shows the spectral responsivities of UV-C AlInGaN PDs under 3.5 and 6 V applied biases. Clearly the maximum responsivity occurred at 280 nm, which corresponds to the AlInGaN absorption range. The peak responsivities of AlInGaN PDs were observed with values of 1.82 and 2.26 mA/W under 3.5 and 6 V, respectively. In general, the increased responsivity in the long wavelength range can be observed with increasing bias voltages, as shown in Fig. 5 . This can be attributed to the increase in tunneling currents through the entire structure with an increase in bias voltage. Moreover, a response step at around 360 nm is also observed in Fig. 5 , which is due to the absorption of the underlying GaN layer. 23 Here, we define the UVto-visible rejection ratio as the responsivity measured at 280 nm divided by the responsivity measured at 400 nm. With such a definition, we found that the UV-to-visible rejection ratios were 55.5 and 38.24 under 3.5 and 6 V, respectively. The low responsivity and rejection ratio of the device may be attributed to the thinness of the AlInGaN absorption layer and material defects. Figure 6 shows the measured results of noise power density spectra of AlInGaN MIS 
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Electrochemical and Solid-State Letters, 12 ͑10͒ H357-H360 ͑2009͒ H358 UV PDs by using the Agilent 35670A in a shielding environment at a bias voltage varied from 1 to 4 V. The noise power density of PDs exhibited a dependency on frequency. We also know that the flicker noise is proportional to 1/f ␣ , with ␣ generally close to unity ͑the so-called 1/f noise͒. Thus, the 1/f fitting was performed with our noise measured data by the following equation
where S n ͑ f͒ is the spectral density of noise power, I d is the dark current, and S 0 , ␣, and ␥ are fitting parameters. From the fitting curve, as shown in Fig. 6 , the noise measured data can be fitted reasonably well, and ␥ was almost unity throughout the measured frequency range. The noise power density was less than 10 −28 A 2 /Hz. Table I shows the noise power density of AlInGaN PDs as a function of the dark current measured at 350 Hz. From the data shown in Table I , the value of ␣ extracted was around 2, while S 0 was about 9.45 ϫ 10 −7 for AlInGaN MIS UV PDs. Furthermore, the total noise current power ͗i n ͘ 2 can be estimated by integrating S n ͑ f͒ over the whole measured frequency range. Thus, the noise equivalent power ͑NEP͒ can be calculated by
where R is the responsivity of the photodetector. Meanwhile, the normalized detectivity ͑D*͒ can be determined by 
Conclusions
AlInGaN MIS UV-C 280 nm PDs have been fabricated. Compared to the AlGaN/GaN heterostructure PDs operated at 280 nm, the use of AlInGaN/GaN PDs can reduce the degree of lattice mismatch by 1.6%. The dark current density of AlInGaN PDs with an insulating layer was 2.78 ϫ 10 −8 A/cm 2 , which was 6 orders of magnitude lower than that of PDs without an insulating layer. This can be attributed to the increasing surface barrier height and decreasing density of the interface states between the metal and the semiconductor. Furthermore, the responsivity, minimum NEP, and maximum D* of AlInGaN MIS PDs were 2.26 mA/W, 9.37 ϫ 10 −12 W, and 1.85 ϫ 10 11 cm Hz 1/2 W −1 under a 6 V bias responsivity. The low noise power density and high detectivity also show the potential of AlInGaN materials for deep UV detection applications. 
